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fe^'jgaimmary. — Lysostaphin, a bacteriolytic enzyme, has been used to remove cell- 
Adherent and extracellular Staphylococcus aureus fro m phagocyte-bacterial mixtures in 

I^O'ffcro. Lysostaphin kills S. aureus more rapidly than penicillin, is not toxic for phagocytic 

WPi^eJls and, when used for short periods at low concentrations, appears to enter neither 
Hainan nor mouse mononuclear phagocytes. The use of lysostaphin provides the basis 
of a simple reliable direct in vitro assay for measuring the attachment and ingestion of 

■/ '-'"£> aureus by phagocytic cells. 



•¥?^t : Direct in vitro tests of bacterial in- 
l-^Pge^ion and killing by phagocytes, while 
'V- -^triple in theory, present several technical 
-.problems. One of these is the removal of 
■•S&liOse bacteria which adhere to the surface 
"•■v^f the phagocyte but which have not been 
L^^'ljik^n up by the end of the ingestion period. 
^"'S^Bttibiotics have been used to remove 
".• ' adherent bacteria, but they are not wholly 
li;, : §;fj:||fcfcisfactory f° r ^ w0 reasons - First, anti- 
§ 'li?3miiGs may kill bacteria too slowly to be of 
in assays of short duration. Second, 
. ;Bome antibiotics may be taken up by 
^phagocytes and contribute to observed 
§ : 3fffaWcelluJar killing (Cole and BrostofF, 
l';:|-B75; Veale et al, 1976). 
M..:Jy: :,'. Lysostaphin is a bacteriolytic enzyme 
)k which acts upon staphylococcal peptido- 
L:.:- -.glycan (Strominger and Ghuysen, 1967). 

-ilt is not taken up by polymorphonuclear 
: |: :;; -leucocytes (PMN) (Tan, Watanakunakorn 
|(;.| : '?^iid Phair, 1971) and consequently has 
| been used to remove extracellular staphy- 
: " * . tococci during assays of phagocytic func- 
: lion (Verhoef, Peterson and Quie, 1977). In 
tins paper we have examined the uptake of 
/ lysostaphin by mononuclear phagocytes 
if and its effect on ingested S. aureus to 
; determine whether lysostaphin can be 



used in assays with these cells. We have 
also used lysostaphin to follow the kinetics 
of staphylococcal attachment to, and in- 
gestion by, human peripheral blood 
phagocytes. 

MATERIALS AND METHODS 

Bacteria.— S. aureus Cowan I (NCTC 8530) 
and Oxford (NCTC 6571) were used with peri- 
pheral blood phagocytes and with macrophages 
respectively. Strain 6571 was grown overnight 
at 37° in 10 ml nutrient broth (Oxoid), while 
strain 8530 was grown under the same con- 
ditions in 10 ml Mueller Hinton broth (BBL) to 
which had been added 20 /i/Ci of methyl 3 H- 
thymidinc specific activity 5 Ci/mmol (Radio- 
chemical Centre, Amersham). The staphylococci 
were ccntrifuged, washed twice in saline and 
further diluted in Medium 199. 

Lysostaphin— Lysostaphin (Beet on Dickin- 
son; Sigma) was used at a concentration of 
1 mg/ml in saline. This preparation was stable 
for at least 4 weeks at 4°. 

Preparation of phagocytic cells. — Human peri- 
pheral blood leucocytes were separated from 
heparinized venous blood by dextran sedimenta- 
tion. Residual erythrocytes were removed by 
hypotonic lysis with 0*83% Tris-buffered am- 
monium chloride. The leucocytes were washed 
with Medium 199, counted and adjusted to 2-5 X 
10 6 polymorphonuclear leucocytes/ml in medium 
supplemented with autologous plasma. 

Human alveolar macrophages obtained during 
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fihreoptic bronchoscopy were eentrifuged and 
suspended in Medium 199. Aliquots of 10 6 cells 
were placed on covcrslips. After incubation for 
60 rain at 37~ J , non -adherent cells were removed 
by washing with saline and the adherent cells 
cultured in fresh medium supplemented with 
glutamine and foetal calf serum. 

Mouse peritoneal exudates were "stimulated" 
with proteose peptone for 72 h and obtained by 
peritoneal lavage with Medium 199. Mouse 
macrophages were prepared for assay in a 
similar way to the human alveolar macrophages 
described above. In some experiments "un- 
stimulated" peritoneal cells were used. 

Assay of peripheral blood phagocyte function. — 
. Ingestion: following opsonization in 10% plasma 
medium for 30 in in at 37°, mixtures of radio- 
labelled S. aureus (0-5 ml) and blood phagocytes 
(0*5 ml) were inoculated at 37" for 15 min on a 
roller. The S. aureus: cell ratio was 2:1. Some 
tubes (A) were spun for 5 min at 150 g to collect 
cells, and some (B) at 3000 g to collect cells and 
extracellular bacteria. Cell pellets A and B were 
w r ashed twice with saline. The remaining tubes 
(C) received 20 ^g lysostaphin, were incubated 
for a further 10 min without rolling, eentrifuged 
at 150 and washed twice with saline. After 
digestion with Soluene 350 (Packard) the cell 
pellets were counted in a liquid scintillation 
counter. 

o/ o uptake= c P mA e^xl00. 

/0 ^ cpm B 

Uptake of lysostaphin by macrophages. — Up- 
take of lysostaphin : mouse peritoneal or human 
alveolar macrophages cultured on glass cover- 
slips were allowed to ingest heat-killed S. 
aureus j washed and incubated overnight in 
medium with or without lysostaphin. The cells 
were washed, harvested, disrupted by son i ca- 
tion, and the cell extracts tested for their lyso- 
staphin content by measuring their bactericidal 
activity against a standard inoculum of S. 
aureus. 

In other experiments the killing of ingested 
viable S. aureus by these glass -adherent cells was 
compared over a period of 3 or 4 h in the presence 
of varying concentrations of extracellular lyso- 
staphin. The cells were washed, harvested and 
disrupted by sonication and viable counts were 
made on tenfold dilutions of the sonicate. 

Statistical analysis. — Student's t test was used 
throughout. 



RESULTS 

Killing of S. aureus by lysostaphin 

Lysostaphin (10 (xg or 20 fig) reduced 
the viable counts of both S. aureus Cowan 
I and Oxford by over 4 logs after 15 min 
incubation with the bacteria at 37° (Figs. 
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TIME (min) 

Kkj. 1. — Killing of S. attreuH Cowan 1 by 
lysostaphin and ponicillin at .'$7°. 0 — # 
lysostaphin 2 o jig/ml. B ■ lysosta- 
phin 10 anrl 20 /ig/ml. # # penicillin 
10 ftg/ 111 '* H - - I ponicillin 50 /x<z/ml. 



1 and 2). In comparison penicillin (I0it« 
or had little effect on S. aumts 

Cowan I (Fig. I). Raising or lowering tlx 1 
bacterial inoculum did not affect the rate 
of killing by lysostaphin. 

Uptake of lysostaphin by macrophages 

PMN have been shown not to take up 
lysostaphin (Tan et al. t 1071), but the 
situation concerning mononuclear phago- 
cytes is unclear. Cell -associated lysostapliin 
was detected in extracts from both human 
alveolar and "stimulated' 1 mouse peri- 
toneal macrophages which had been 
cultured overnight in the presence of 
enzyme following the ingestion of heat- 
killed 8. aureus (Table 1). Extracts of 
macrophages incubated without lvsosia- 
phin had no bactericidal activity. 

The survival of ingested S. aureus within 
human alveolar or "stimulated 1 ' moti.se 
peritoneal macrophages was significant ly 
reduced when these cells were incubated 
for several hours in the presence of in-; 
creasing concentrations of extracellular 
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15 

TIME (min) 

l^vFlo. 2. — Killing of S. aureus Oxford by 
Wk:-. .lysostaphin at 37°. # # lysostaphin 

2-5 fig/ml. A, A lysostaphin 10 jtg/ml. 

W- HI lysostaphin 20 /xg/ml. 

||^)staphin (Table II). However, this 
^|ffect was not seen with "unstimulated" 
ti&tase cells (Table III). At concentrations 
IP lysostaphin below 5 ftg/ml there was no 
:i|urther reduction of viable intracellular S. 
tffitreus. We have been unable to obtain 
Sufficient human alveolar macrophages to 
liofestigate this low dose range. No viable 
Extracellular S. aureus was detected in 
■iiiysbstaphin supernatants. 

•Attachment and ingestion of S. aureus by 
-Uood phagocytes 

: % --After 15 min incubation 86% of the 

.T^ABLE I. — Measurement of Lysostaphin in 
Macrophage of Extracts by Titration 
against live S. aureus 

Growth of S. aureus 
Dilution of extract 



■ Macrophage 
extract 

Human 
Human 
Mouse 
Mouse 



Exposure of 
macrophages 
to lysostaphin 

Yes 
No 
Yes 
No 



1/1 



+ 

+ 



1/4 1/10 

NO + 

ND -f 

- NO 

ND ND 



Table II. — Survival of S. aureus within 
Human and "Stimulated" Mouse Macro- 
phages after Exposure to Extracellular 
Lysostaphin for 3 h (Human) and 4 h 
(Mouse) 



Lysostaphin 
concentration 

50 
25 
12-5 

5 

4 

3 

2-5 
2 

* Actual colony count. 



Viable intracellular 
5. aureus (c.f.u. ±SD) 



Mouse cells Human cells 

29±4 
41±12 
ND 



55±10 
4l±5 
56H 9 
NO 
44±4 



10(5±2)* 
ND 
45 (15 
ND 
ND 
ND 
76±21 
ND 



radiolabeled bacterial inoculum was cell- 
associated (not removed by washing), 32% 
being removed by treatment with lyso- 
staphin (Table IV). This 32% probably 
represented S. aureus attached to phago- 
cyte surfaces but not ingested. The re- 
maining 54%, which was resistant to 
lysostaphin, represented intracellular S. 
aureus. The use of heat-inactivated plasma 
(56° for 30 min) reduced the number of 
intracellular S. aureus (lysostaphin resist- 
ant) by 40% (P=<0-01), but only 
lowered the total number of cell -associated 
staphylococci by 23%. Heat-labile opson- 
ins appear in this system to be more 
involved with bacterial ingestion than with 
their attachment to phagocytes. 

The attachment and subsequent in- 
gestion of S. aureus by phagocytes is a 
dynamic process which we have been able 
to demonstrate using lysostaphin. Between 

Table III. — Survival of S. aureus within 
' f Unstimulated 1 ' Mouse Macrophages after 
Exposure to Extracellular Lysostaphin 
for 4 h 



Lysostaphin 
concentration 



Time 



Viable intracellular 
S. aureus (c.f.u. x 10 -5 } 
Experiment 



x-r = growth of S. aureus 
■ w = no growth 



(Mg/ml) 


(hr) 


1 




2 


3 




0 


69 




74 


144 


5 


3 


7- 


4 


7-5 


15-0 


10 


3 


6- 


6 


11-5 


13-0 


20 


3 


6 


7 


70 


15-7 


40 


3 


5 


8 


7-8 


12-5 
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Table IV. — Uptake of Radiolabelled S. 
aureus by Human Blood Macrophages 



Mean % of eel I -associated 
S. aureus ( ±SD) 



Source of 
opsonin 

Normal plasma 
Heated plasma 



With 
lysostaphin 

54 ±12 
14±4 



Without 
lysostaphin 

86±14 
63±11 



15 and 30 min there was a fall in the 
number of adherents, aureus and a corres- 
ponding rise in the percentage of intra- 
cellular bacteria (Table V). The minimum 



DISCUSSION 

The ideal agent for removing cc]|_ : 

adherent and extracellular bacteria fiu ln : 

phagocyte-bacterial mixtures in rit,- fr 
should, under assay conditions: 

1. Kill bacteria rapidly. 

2. Not be toxic for phagocytes. 

3. Not enter or be taken up by phagocy t <% > 

4. Be active against a wide range of ; 
bacteria. 

Lysostaphin kills staphylococci rapidly 
without being cytotoxic and this enzyme 



Table V. — Uptake of S. aureus — Changes in Adherent and Intracellular 
Bacterial Populations with Lime 



Experiment 

1 
2 



% Intracellular S. aureus % Adherent % Change in bacterial 
(lysostaphin. resistant) S. aureus population between T] 3 and T 3o 



Tib 
65 



T30 
86 
81 



T i5 

31 

15 



T30 
9 
5 



Intracellular 

■f 23 
1-16 



Adherent 
-22 
-10 



Table VI. — Uptake o/S. aureus — Effect of 

Plasma Concentration 

% Uptake of S. aureus 8530 
Experiment 



concentration 


1 


2 


3 


Mean 


0 


2 


4 


5 


4 


2-5 


10 


9 


8 


9 


5*0 


21 


19 


19 


20 


10*0 


52 


66 


53 


57 


20-0 


55 


58 


61 


58 



concentration of autologous plasma re- 
quired for optimum uptake of 8. aureus 
was 10% (Table VI), In recent experi- 
ments we have reduced the concentration 
of lysostaphin from 20 /xg/ml to 10 ftg/ml 
without affecting our results. 

We compared the ingestion of S. aureus 
measured by radioactive counts with that 
measured by viable counts. The mean up- 
take was 20% with the latter method as 
compared with 54% with the former. 

Radioactive counting measures dead as 
well as live bacteria. The lower figures 
obtained with viable counts is probably 
the result of the killing of ingested bacteria 
during the initial incubation period. 



does not appear to be taken up by human 
PMN (Tan et al, 1971). The macrophage;: 
differs from the PMN in that it appears to ;; 
be more actively pinocytie and t here l ore 
more likely to take up soluble materials; 
from its environment. Furthermore, un- 
like the PMN, the macrophage can be 
"activated" by a variety of stimuli to 
increase its metabolic and functional 
activity. There have not been any previous;; 
reports on the behaviour of human macro-:; 
phages following exposure to lysostaphin 
but, like Baughn and Bonventre ( 1 975). we| 
found no evidence of intracellular lyso| 
staphin following its use to. remove cell ; I; 
adherent S. aureus from "unstimulated 1 *:::!! 
mouse peritoneal macrophages. Our results;^ 
indicate that lysostaphin, when used in 1 :* 
sufficient concentration for sufficient time.§;i 
is taken up by "stimulated" mousei 
peritoneal macrophages and lavaged| 
human alveolar macrophages. These find-^ 
ings, together with those of Baughn andf! 
Bonventre (1975), show the effect of using; ! 
"stimulated" rather than "unstimulated" : ; 
mouse peritoneal macrophages. With mouse- 
cells we found no increase in viable S>§ 
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t Aureus when we reduced the lysostaphin 
^ concentration below 5 /xg/ml. As a result of 
xx-lJiO lo^ intracellular bacterial counts in- 
.> : Solved an( j the risk of extracellular 
: 4l?:>cterial proliferation at very low lyso- 
:;;|^: ft phin concentrations, we cannot 
= : Infinitely state that there was no cellular 
•v:; uptake of lysostaphin at levels below 
r -'-'j^g/ml. There is, however, a wide safety 
'"-^margin between the conditions (concentra- 
tion and exposure time) needed for the 
■ ^fejoioval of extracellular and cell-adherent 
aureus by lysostaphin and those under 
fc/^Iiich detectable amounts of this enzyme 
%iS$re taken up by macrophages. 

Lysostaphin can only be used with 
; :!:^iphylococci as it acts upon amino acid 
: ,-^ross-linkages peculiar to staphylococcal 
wall peptidoglycan (Stromingcr and 
"V:; : ^}mysen, 1967). There arc, however, other 
^"bacteriolytic enzymes which have a wider 
i:j:::;! : ^rige of activity (Strominger and Ghuysen, 
:;i||.^67). It may be possible to use these in a 
;,;i|:r^3j)ilar way to lysostaphin to study the 
:i-.j>l>agocytosis of other bacteria, especially 
. : ; Clram -negative organis ms . 

lysostaphin can be used to measure the 
t^U adherent bacterial population as well 
simply to remove contaminating extra- 
tj. edlular bacteria. After 15 min incubation 
;;:!||jj|!8-30% of the staphylococcal inoculum 
.^VwAs cell-adherent. This is higher than the 
; : f^ : 0% reported by Verhoef et al, (1977) but 
: : this may be the result of differences in 
A : technique and in their use of serum rather 
:££%an plasma as a source of opsonin. After 
.^wmin incubation the cell-adherent 
iiiJ^iVphylococcal population had fallen to 
.. < ; below 10% with a corresponding rise in the 
j; jpei centage of intracellular bacteria. It may 
k:- Jbe of value, in patients with defects in 
bacterial ingestion, to study the change 
■Ij-^ith time of the adherent and intra- 
cellular bacterial populations. 
■: Assays based on the removal of extra- 
:;l .Cellular S. aureus with lysostaphin have 



been used to demonstrate phagocytic 
defects in cells from patients with chronic 
granulomatous disease (Verhoef et al. y 
1977; Biggar, 1975) and diabetes mellitus 
(Tan et al., 1975). In addition to these 
clinical applications we arc using lyso- 
staphin to study the penetration of anti- 
microbial drugs into actively phagocytic 
cells. 

We thank Miss A. Howard for her 
technical assistance and the Medical 
Research Council for financial support. 
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